The pre-production quadrupole magnet for the Advanced Photon Source (APS) storage ring has been tested. The multipole coefficients meet the tolerance requirements. The field-gradient integrals are measured relative to a reference quadrupole. By using two laser beam units, the magnetic and geometrical axes of the magnet are aligned within 0.2 mrad. The dependencies of the sextupole coefficient and the magnetic center on the excitation current are corrected by shunting the magnetic potentials of the top and bottom yokes. plane of the magnet as shown in Fig. 1 . The magnet has pole-end bevels of 9.6 mm x 17.4 mm and pole chamfers of 16.5 mm [2] . The shims at both edges of the hyperbolic pole face have 6-mm-straight contours perpendicular to each other, and are used as the reference directions for stacking the laminations.
I. INTRODUCTION

II. MAGNETIC MEASUREMENTS
The APS storage ring (SR) requires 400 normal quadrupole magnets, consisting of five families with three different magnetic lengths [ 11. The quadrupoles are conventional resistive magnets; each of them is excited by an independent DC power supply. All the magnets have the same 2-D geometry and bore radius of 40 mm.
In spite of the conventional nature of the quadrupole, the design of the magnet cross section is severely restricted for the accomodation of the vacuum chamber as shown in Fig. 1 . The top and bottom halves of the magnet are not connected with flux-return yoke; they are connected mechanically with aluminum spacers between the halves. Each of the top and bottom halves consists of two welded quadrants stacked with 1.5-mm-thick laminations.
In order to maximize the excitation efficiency, the pole bases are asymmetrically widened 22 mm towards the vertical 
A. Measurement Methods
Field-gradient integrals and multipole coefficients are measured using a rotating coil technique. The probe coil consists of a "radial" integral coil and a 0.4-m-long "tangential" coil on the same cylinder [3] . The latter measures the 2-D "body" multipole coefficients averaged over a 0.4-m axial length of the magnet.
Using a laser beam unit, the rotating coil axis is aligned to the magnetic axis by adjusting the magnet position and minimizing the dipole component of the harmonic analysis. Prior to this procedure, the geometrical axis of the quadrupole is aligned to the axis of two air-bearings as in the following method. A second laser beam unit is installed and aligned with the air-bearing axis. A photo-quadrant detector is placed at the geometrical axis of the magnet aperture. By detecting the beam position along the aperture axis, the magnet is aligned. Since the rotating coil cylinder is supported by the two air-bearings, the coil rotates at the air-bearing axis. This procedure not only ensures parallelism between the geometrical and magnetic axes within t-0.2 mrad, but it also enables measurement of the offset of the two axes.
The field-gradient integrals are also measured relative to a reference quadrupole with a measurement reproducibility of f l~l O -~. Figure 2 shows the cross sections of the gradientcoil probes: one on the reference magnet and one on the testing magnet. A probe consists of two flat printed-circuit coils.
The probe in the reference magnet is fixed at the geometric or magnetic center supported by a G-10 plate. The probe in the 
C. Ambient Field
Since the top and bottom yokes are not connected magnetically, ambient field (mainly the Earth field) affects the sextupole and dipole coefficients of the magnet. Plotted in Fig. 4 are variations of the sextupole coefficient: with and without shunts of the magnetic scalar potential bctween the top and bottom yoke, and with three external fields using a Helmholz coil to compensate for the Earth field. The coefficient b2 varies 4 x104 between 100 and 450 A without shunts. By shunting with five 1.5-mm-thick and 76-mmwide straps on both sides of the magnet, the variation of b2 is corrected to within lx104. Similarly, it was corrected by applying magnetic fields of 0.4 and 0.8 G. Plotted in Fig. 5 are the data for offsets of the magnetic center due to the ambient field. When the yokes are shunted or the ambient field is compensated, the offset in the x-direction does not depend on the magnet excitation currents. As expected, the offset in the y-direction, which is due to a horizontal field, does not depend on the ambient fields. 
CONCLUSIONS
The restrictions of the design geometry due to the vacuum chamber have been overcomed by widening the pole asymmetrically, and an excitation efficiency better than 96.5% has been achieved. The multipole coefficients are measured at the magnetic axis, which is parallel to the geometrical axis of the magnet within f0.2 mrad. The coefficients are less than 2.5 x in magnitude and meet the tolerance requirements. Using two sets of gradient coils, the field-gradient integrals are measured relative to a reference quadrupole to within 1~1 0~. The sextupole coefficient and the magnetic axis, which depend on the ambient field, are stabilized by shunting the top and bottom yokes.
